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EvolutionIt can be argued that the Y chromosome brings some of the spirit of rock&roll to our genome. Equal parts de-
generate and sex-driven, the Y has boldly rebelled against sexual recombination, one of the sacred pillars of
evolution. In evolutionary terms this chromosome also seems to have adopted another of rock&roll's mottos:
living fast. Yet, it appears to have refused to die young. In this manuscript the Y chromosome will be analyzed
from the intersection between structural, evolutionary and functional biology. Such integrative approach will
present the Y as a highly specialized product of a series of remarkable evolutionary processes. These led to the
establishment of a sex-speciﬁc genomic niche that is maintained by a complex balance between selective
pressure and the genetic diversity introduced by intrachromosomal recombination. Central to this equilibri-
um is the “polish or perish” dilemma faced by the male-speciﬁc Y genes: either they are polished by the ac-
quisition of male-related functions or they perish via the accumulation of inactivating mutations. Thus,
understanding to what extent the idiosyncrasies of Y recombination may impact this chromosome's role in
sex determination and male germline functions should be regarded as essential for added clinical insight
into several male infertility phenotypes. This article is part of a Special Issue entitled: Molecular Genetics
of Human Reproductive Failure.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
Few research subjects in human genetics are as intriguing and po-
larizing as the Y chromosome. Like any good novel, the history of the
Y is riddled with suspense, drama and the occasional resurrection. In-
deed, the genetic vitality and evolutionary fate of this chromosome
have long been a source of intense debate in the literature. More spe-
ciﬁcally, even though it harbors essential genetic determinants for the
male sex phenotype and reproductive functions, the Y has developed
a reputation of sorts: in the early 1900s it was considered metaboli-
cally inefﬁcient, by the 1960s a “dud” and, at the dawn of the XXIst
century a “selﬁsh wimp” [1–4]. Although these views have been pro-
foundly challenged by the last 10 years of research, they should be
regarded as ﬁtting reminders of the idiosyncrasies of the sole chro-
mosome in our genome that is not essential for survival. As it will
be discussed in this manuscript, the Y differs markedly from the
remaining chromosomes in terms of genomic structure, content and
evolutionary trajectory. In fact, the majority of the misconceptions
on this chromosome can be traced to an excessive reliance on exper-
imental techniques and theoretical notions that, although pivotal forolecular Genetics of Human
rights reserved.the elucidation of most of our genome, represent a less than optimal
ﬁt to the peculiarities of the Y. The latter are believed to stem from a
complex balance between form and function, with evolution serving
as scale. Accordingly, the intersection between structural, evolution-
ary and functional biology will serve as cornerstone of a manuscript
that aims to present an integrative, clinically-oriented outlook on
our current understanding of the Y chromosome.
2. Structural biology of the Y chromosome
2.1. The two genomic territories of the Y chromosome
The Y chromosome, at an average of 60 Mb, is one of the smallest
chromosomes of the human genome. In conceptual terms this sub-
metacentric chromosome can be divided in two genomic territories:
one corresponding to a X–Y homology domain involved in meiotic
pairing, the other lacking a homologous chromosome partner [5,6].
The pseudoautosomal regions (PARs) deﬁne the ﬁrst territory
whereas the second is designated as the male-speciﬁc region of the
Y (MSY; Fig. 1).
The PARs represent two X–Y homology blocks, one of which en-
suring the meiotic stability of the sex chromosomes. These domains
are located at both ends of the X and Y, with PAR1 (2.6 Mb) mapping
to Yp and PAR2 (0.3 Mb) to Yq [5]. Both sequences diverge signiﬁ-
cantly in terms of structural features, reﬂecting not only differences
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with the genetic crossing over requirement in PAR1 [7]. This require-
ment is essential for successful male meiosis in our species [8].
The majority of the Y sequence is genetically isolated frommeiotic
recombination with a homologous chromosome partner, thus deﬁn-
ing the MSY. Owing to its DNA repeat-heavy content, the MSY is par-
ticularly impervious to conventional sequencing techniques and,
accordingly, our knowledge of this region is largely based on a single
reference sequence [6]. It should be noted that, in population terms,
the actual sequence and structural variability of the Y might deviate
at a signiﬁcant degree from the currently available reference, as it
will be discussed in subsequent sections. Structurally, three domains
have been identiﬁed in the reference MSY: the euchromatic territory
spanning approximately 23 Mb, the centromeric region (~1 Mb), and
two Yq heterochromatin blocks, the more distal of which extends for
about 40 Mb. The latter exhibits a length polymorphism that ulti-
mately accounts for the signiﬁcant size variation of the Y in the
male population [9]. Although the MSY lacks a chromosomal partner,
relatively recent studies have debunked the classic view of the MSY as
the non-recombining segment of the Y. In fact, the MSY displays re-
combination rates exceeding that of the PARs. One of the major
drivers for this effect is the high homology level shared by the
multiple MSY repeat units [10]. These provide ample opportunity
for intrachromosomal (non-allelic) homologous recombination.
The resolution of such recombination intermediates can elicit either
the non-crossover or crossover based pathways, as evidenced by the
high MSY gene conversion and structural variation rates, respectively
[11]. In accordance, owing to both inter and intrachromosomal
recombination, the Y should be considered a genetically dynamic
chromosome prone to signiﬁcant variation.
2.2. Gene content in the PARs and MSY
In light of the latest ﬁgures, the reference sequence of the Y en-
codes for 52 different active genes similarly distributed between the
PARs (27 genes) and the MSY (25 genes). The PAR genes are charac-
terized by autosomal inheritance, with 24 mapping to PAR1 and 3
to PAR2 [12,13]. These genes encode for products related to
diverse biological themes, and have accordingly variable expression
patterns [for a review: 12]. Three clinical conditions have been linked
to disturbances in this region: isolated short stature, Leri–Weill
dyschondrosteosis and Langer mesomelic dysplasia. The three
associate with mutations in a single gene: short stature homeobox
(SHOX) [14].
Although the MSY euchromatin encodes for just 25 different
genes, in the Y reference sequence this domain harbors a total of 75
protein-coding transcription units (Table 1). In fact, approximately
80% of these transcription units correspond to multiple copies of a
sub-set of 9 different genes [6]. Most of the MSY genes are expressed
speciﬁcally or predominantly in the testis, being involved in sex de-
termination and gametogenesis [15]. The remainder distributes be-
tween those with ubiquitous expression and those with narrower
expression proﬁles in non-gametogenic tissues. Given the focus of
this manuscript in male reproductive functions, a brief outlook on
the roles played by the MSY genes with testis-speciﬁc/predominant
expression will follow.
2.3. From MSY genes to the male germline
Most, if not all, of the thirteen Y genes with testis-speciﬁc or pre-
dominant expression are involved in the establishment and mainte-
nance of the male germline. For some, their functions have been
experimentally validated, while for others we still have to rely on in-
ferences based on similarity or simulation. Owing to technical difﬁ-
culties in characterizing the repeat-heavy MSY sequences and to apaucity of gene-speciﬁc mutations or testable orthologs, most of
these genes remain fairly uncharacterized [for a review: 16].
Four of the 13 genes encode for transcriptional regulators: SRY,
TGIF2LY, CDY and HSFY. Of these, SRY is by far the most extensively
characterized due to its role in male sex determination. Indeed, SRY
serves as trigger for the onset of male gonadal development via upre-
gulation of SOX9 expression in the differentiating gonad [17]. It
should be noted that in humans SRY is expressed in several tissues
during fetal development, possibly playing a role in the establishment
of somatic sex-speciﬁc differences [18]. Data on TGIF2LY, another sin-
gle copy gene encoding for a testis-speciﬁc transcription factor, is less
conclusive. In fact, the actual functionality of this homeobox-
containing gene has been challenged based on evidence suggesting
that it may be en route to become a pseudogene [19]. CDY differs
from SRY and TGIF2LY as it is organized in a multi-copy gene family
[20]. The CDY proteins are transcriptional co-repressors that can
also display chromatin remodeling activity [21,22]. Fittingly, CDY
has been shown to be involved both in post-meiotic nuclear remodel-
ing and in transcriptional regulation. Finally, HSFY is a multi-copy
transcription factor that encodes for a member of the heat shock fac-
tor family of transcriptional activators [23]. This gene exerts its func-
tion at the round spermatid stage [24].
Besides transcriptional regulation, RNA binding is another
biological theme that is patent in the Y genes with testis-speciﬁc/
predominant expression. Three genes/gene families display such
function: DDX3Y, RBMY1 and DAZ. DDX3Y, a single copy gene, encodes
for a testis-speciﬁc RNA helicase belonging to the DEAD box protein
family [25]. Interestingly, the tissue speciﬁcity of the DDX3Y protein
is not reﬂected at the gene expression level since the DDX3Y tran-
script is ubiquitously detected [26]. The exact function of this gene
is unknown, although it seems to play a relevant role in the male ga-
metogenic program [27]. The RBMY1 gene family encodes for testis-
speciﬁc RNA-binding proteins with a protein interaction domain
[28]. This gene family has been shown to regulate several aspects of
meiotic and pre-meiotic development and its disruption is consid-
ered, despite the lack of the unambiguous evidence provided by
RBMY1-speciﬁc deletions, a major factor for the onset of a spermmat-
uration arrest phenotype [16]. Accordingly, the functions of the
RBMY1 proteins in RNA metabolism are wide-ranging: from trans-
port/storage of transcripts to splicing regulation and signal transduc-
tion [29–31]. Like RBMY1, DAZ is another multi-copy gene family
encoding for testis-speciﬁc RNA regulators with a protein interaction
domain. The DAZ proteins have also been linked to the regulation of
the spermatogenic program via mediation of transcript transport/
storage, translation initiation and regulation of protein activity
[32–34].
Regarding the other Y genes with an expression bias for testicular
tissue, RPS4Y2 (resulting from the duplication of the ubiquitously
expressed RPS4Y1) likely encodes for a ribosomal protein subunit re-
quired for mRNA binding to the ribosome in the prostate and testis
[35]. Owing to its expression pattern, it has been speculated that the
RPS4Y2 protein may be involved in the post-transcriptional regulation
of the spermatogenic program. As for the TSPY gene, it has been recent-
ly associated with germline regulation via a repressive effect on early
germ cell proliferation [36]. This gene, with a copy number in the Y
chromosome population ranging from 20 to 60, encodes for a testis-
speciﬁc protein also tentatively linked to cell cycle regulation [9,37].
There is limited functional data for the remaining four Y gene fam-
ilies with testis-speciﬁc/predominant expression: BPY2, PRY, XKRY and
VCY. Despite some degree of uncertainty on their actual functions, sev-
eral inferences have been put forward: BPY2 is a highly charged protein
apparently linked to cytoskeletal regulation in spermatogenesis, PRY
presumably encodes for a pro-apoptotic signaling molecule, XKRY has
been suggested to represent a multipass transmembrane protein in-
volved in fertilization, and, lastly, VCY is deemed to express a regulator
of ribosomal assembly in the male germline [15,38–40].
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Fig. 1. Most parsimonious model of Y chromosome evolution. The differentiation of the sex chromosomes was presumably triggered by the acquisition of a sex-determining allele
(depicted in blue) in one chromosome of a homologous autosomal pair. Subsequently, meiotic recombination between the two chromosomes was regionally supressed in the do-
main of the acquired allele, leading to the establishment of a male sex-speciﬁc genomic niche. The accumulation of additional male-related alleles in this territory was positively
selected due to a ﬁtness increase associated with the en bloc transmission of the “maleness” genes to XY progeny. Following the acquisition of this genomic niche, the developing Y
likely embarked on an extreme differentiation program that can be summarized as H.I.S type of differentiation: H — enrichment in Heterochromatic sequences (depicted in gray);
I — occurrence of large scale structural rearrangements, mainly Inversions (as indicated by a double arrow), that critically affected meiotic pairing with the X, and S — signiﬁcant
Shortening due to the rapid loss of the majority of the original genetic content, despite some sequence import from other genomic sources. These events ultimately resounded in the
reshaping of the Y into a highly specialized chromosome characterized by two X–Y homology blocks involved in meiotic pairing (the pseudoautosomal regions PAR1 and PAR2) and
an expanded sex-speciﬁc niche harboring extensive heterochromatic territories (the male-speciﬁc region of the Y — MSY). For simplicity sake, the evolutionary mechanisms puta-
tively operating in the X are not depicted. cen = centromere.
1853P. Navarro-Costa / Biochimica et Biophysica Acta 1822 (2012) 1851–1863Globally, three extrapolations can be made from the set of Y genes
with testis-speciﬁc/predominant expression: i — they encode for reg-
ulators of biological pathways necessary for male germline establish-
ment and perpetuation; ii — they are essentially arranged as multi-
copy gene families, and iii — their functional characterization is still
very limited. Understanding precisely how the ﬁrst two observations
came to be in the Y is vital for the evolutionary appreciation of this
unique chromosome.3. Evolutionary biology of the Y chromosome
In our species as in other placental mammals and marsupials, sex
determination is accomplished by a genetic system triggered by the
SRY gene, with males displaying a heterogametic sex chromosome
constitution. It is widely accepted that the substrate for the latter
was an autosome pair that was subjected to a series of evolutionary
forces driving its differentiation into the X and Y [41] (Fig. 1).
Table 1
Genes mapping to the male-speciﬁc region of the human Y chromosome.
Gene/gene
family symbol
Gene name Origin Copy
numbera
Expression pattern Function Homologs
Putative pseudogenes
PRKY Protein kinase,
Y-linked,
pseudogene
Proto-XY pair 1 Ubiquitous
(transcript-only)
Variant of a X-encoded protein kinase,
lost a coding exon.
PRKX (X chr.)
TBL1Y Transducin
(beta)-like 1,
Y-linked
Proto-XY pair 1 Multiple tissues Possible pseudogene belonging to a family
of transcriptional regulators. When
compared to the other family members
it lost its repressive activity (as measured
in a cell culture assay).
TBL1X (X chr.)
TBLR1 (Chr. 3)
TGIF2LY TGFB-induced
factor homeobox
2-like, Y-linked
X to Y duplication
(approx. 6 myab)
1 Testis-speciﬁc Possible pseudogene corresponding to a
variant of a X-encoded transcriptional
regulator. A frameshift mutation in the
Y copy led to the loss of a protein
interactions and transcriptional
repressor domain.
TGIF2LX (X chr.)
TGIF2 (Chr. 20)
Single copy genes with no described germline-speciﬁc functions
UTY Ubiquitously
transcribed
tetratricopeptide
repeat gene, Y-linked
Proto-XY pair 1 Ubiquitous, evidence for
sex-speciﬁc expression
patterns in brain regions
Presumable histone demethylase. UTX (X chr.)
TMSB4Y Thymosin beta 4,
Y-linked
Proto-XY pair 1 Ubiquitous Probable regulator of actin polymerization
(deduced by similarity with X copy).
TMSB4X (X chr.)
EIF1AY Eukaryotic translation
initiation factor 1A,
Y-linked
Proto-XY pair 1 Ubiquitous Factor required for the binding of the 43S
complex to capped mRNA (deduced by
similarity with X copy).
EIF1AX (X chr.)
NLGN4Y Neuroligin 4,
Y-linked
Proto-XY pair 1 Multiple tissues Cell adhesion molecule with postsynaptic
localization (deduced by similarity
with X copy).
NLGN1 (Chr. 3)
NLGN2 (Chr. 17)
NLGN3 (X chr.)
NLGN4X (X chr.)
AMELY Amelogenin,
Y-linked
Proto-XY pair 1 Teeth-speciﬁc, the X and Y
copies display signiﬁcant
differences in expression
levels
Extracellular matrix protein, major
component of tooth enamel and regulator
of tooth eruption.
AMELX (X chr.)
PCDH11Y Protocadherin 11
Y-linked
X to Y duplication
(approx. 6 mya)
1 Brain-predominant,
the X and Y copies display
different regulation
Transmembrane proteins (major constituents
of the cadherin superfamily) serving as
mediators of cell adhesion and signaling.
PCDH11X (X chr.)
Duplicated genes with possibly diverging functions
RPS4Y1 Ribosomal
protein S4,
Y-linked 1
Proto-XY pair 1 Ubiquitous, the X and Y
copies display signiﬁcant
differences in expression
levels
Probable ribosomal protein subunit that
regulates mRNA binding to the ribosome.
RPS4X (X chr.)
RPS4Y2 (Y chr.)
RPS4Y2 Ribosomal
protein S4,
Y-linked 2
Duplication of RPS4Y1
(approx. 35 mya)
1 Testis and prostate-
speciﬁc
Same as RPS4Y1, although the acquisition
of novel functions is possible.
RPS4X (X chr.)
RPS4Y1 (Y chr.)
Single copy genes with germline-speciﬁc functions
USP9Y Ubiquitin speciﬁc
peptidase 9, Y-linked
Proto-XY pair 1 Ubiquitous, the timing
of expression in the
germline varies between
the X and Y copies
Ubiquitin-speciﬁc protease tentatively
linked to protein turnover in
spermatogenesis.
USP9X (X chr.)
DDX3Y DEAD (Asp-Glu-Ala-
Asp) box polypeptide
3, Y-linked
Proto-XY pair 1 Ubiquitous transcript
but testis-speciﬁc protein
Presumable ATP-dependent RNA
helicase involved in RNA metabolism
in pre-meiotic germ cells.
DDX3X (X chr.)
ZFY Zinc ﬁnger protein,
Y-linked
Proto-XY pair 1 Ubiquitous Transcription factor involved in the
mid-pachytene spermatocyte
apoptosis pathway.
ZFX (X chr.)
KDM5D Lysine (K)-speciﬁc
demethylase 5D
Proto-XY pair 1 Ubiquitous Histone demethylase required for
chromatin remodeling during meiosis.
KDM5C (X chr.)
SRY Sex determining
region Y
Proto-XY pair 1 Testis-predominant Transcriptional activator of SOX9. SOX9 (X chr.)
Multi-copy ampliconic genes
TSPY Testis speciﬁc protein,
Y-linked
Proto-XY pair 35
(variable)
Testis-speciﬁc Presumable androgen-dependent
regulator of early germ cell
development. Putative functions in
cell cycle regulation.
TSPYL2 (X chr.)
TSPYL1 (Chr. 6)
TSPYL4 (Chr. 6)
TSPYL5 (Chr. 8)
TSPYL6 (Chr. 2)
RBMY1 RNA binding motif
protein, Y-linked,
family 1
Proto-XY pair 6 Testis-speciﬁc RNA-binding protein involved in
RNA splicing and metabolism, signal
transduction and meiotic regulation.
RBMX (X chr.)
RBMX2 (X chr.)
RBMXL3 (X chr.)
RBMXL1 (Chr. 1)
RBMXL2 (Chr. 11)
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Table 1 (continued)
Gene/gene
family symbol
Gene name Origin Copy
numbera
Expression pattern Function Homologs
HSFY Heat shock
transcription factor,
Y-linked
Proto-XY pair 2 (HSFY1
and 2)
Testis-predominant Transcription factor. HSFX1 (X chr.)
HSFX2 (X chr.)
XKRY XK, Kell blood group
complex subunit-
related, Y-linked
Proto-XY pair 2 (XKRY and
XKRY2)
Testis-speciﬁc Putative multipass transmembrane
protein involved in gamete interaction.
XKRX (X chr.)
VCY Variable charge, Y-
linked
Primate-speciﬁc
acquisition
2 (VCY and
VCY1B)
Testis-speciﬁc Unknown, possible nucleoli-related
regulator of ribosomal assembly.
VCX (X chr.)
VCX2 (X chr.)
VCX3A (X chr.)
VCX3B (X chr.)
DAZ Deleted in
azoospermia
Transposition of
autosomal gene
4 (DAZ1 to
4)
Testis-speciﬁc RNA-binding protein, regulates pre-meiotic
transcript transport/storage and translation
initiation.
DAZL (Chr. 3)
BOLL (Chr. 2)
CDY Chromodomain
protein, Y-linked
Retroposition of
autosomal gene
4 (CDY1,
CDY1b,
CDY2a and
CDY2b)
Testis-speciﬁc Transcriptional co-repressor with histone
acetyltransferase activity. Postulated role
in gene expression regulation and
chromatin remodeling.
CDYL (Chr. 6)
CDYL2 (Chr. 16)
BPY2 Basic charge,
Y-linked, 2
Unknown 3 (BPY2,
BPY2b and
BPY2c)
Testis-speciﬁc Proposed role in cytoskeletal regulation. –
PRY PTPN13-like,
Y-linked
Unknown 2 (PRY and
PRY2)
Testis-speciﬁc Putative pro-apoptotic signaling molecule. –
For suitable references please consult the manuscript text.
The largely unknown regulation and functional status of the CYorf15A and CYorf15B transcription units precluded their inclusion in this table.
a Number of known functional units mapped to the reference sequence of the Y chromosome.
b mya: million years ago.
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chromosomes it is possible to gain insight into the functional and
structural properties of contemporary Ys, as well as to speculate on
the future of this chromosome.
In the course of mammalian evolution, the differentiation of the
therian (placental mammals and marsupials) X and Y chromosomes
from an autosomal pair took place approximately 160 million years
ago, shortly after the divergence of therians from monotremes (egg-
laying mammals) [for a review: 42]. Seeing that the differentiation
program was activated by the acquisition of a sex-determining locus
in one member of the autosome pair, it is assumed that the dominant
mutation of the SOX3 transcriptional regulator into a male sex-
determining locus (SRY) initiated the process [43,44]. This “irrecusa-
ble co-option” of former autosomes into a proto-X and Y was sealed
by a progressive suppression of meiotic recombination between
both [45]. Pairing deﬁciencies in the male determining locus likely
served as the initial seed for a suppression that was to sweep across
the chromosome as the result of two types of events: i — positive se-
lection for the accumulation of male-related genes in a male-speciﬁc
genomic niche, and ii — large scale structural rearrangements that
critically affected meiotic pairing. The analysis of human sex chromo-
somes offers evidence for both: the Y is enriched in genes encoding
for male-speciﬁc functions and at least ﬁve major structural rearran-
gements have progressively suppressed meiotic recombination
between the X and the Y [5,15].3.1. Evolutionary dynamics of the PARs
One of the consequences of the progressive suppression of meiotic
pairing and recombination in the differentiating sex chromosomes
was the shortening of the XY homology domain. This domain was re-
stricted to the 2.6 Mb of the PAR1 region observed in contemporary
sex chromosomes after the last major structural rearrangement
(occurring at an estimated 30 million years ago) [5]. In fact, PAR2
corresponds to a fairly recent X to Y duplication and is not actually re-
quired for meiotic pairing [46]. Is it foreseeable that PAR retraction
will continue to be an evolutionary trend in our species? Evidencefrom mice, where the PAR contains just one active gene, indicates
that these domains may essentially serve as drivers of meiotic stabil-
ity, as suggested by their distinct chromatin conﬁguration [7,47].
Interestingly, marsupials have altogether lost their PAR without
undermining meiotic efﬁciency [48]. Given the history of large-scale
rearrangements in the sex chromosomes and the possibility that
former PAR genes can be normalized for dosage discrepancies [49],
selection may favor the shortening of human PARs to the minimum
stretch required for correct meiotic segregation. Whether or not
such retraction will ultimately resound in the complete erosion of
human PARs, as observed in marsupials, is a far more speculative
effort.3.2. The contrasting evolutionary trajectories of the sex chromosomes
Once meiotic recombination was suppressed between the proto-
X and Y, the sex chromosome differentiation program was fully set-
in. In this regard, the two chromosomes followed very distinct tra-
jectories: stability in the X and functional specialization in the Y.
Fittingly, the X largely retained the gene content of the ancestral
autosome from which it derived [44]. This was likely the result of
an intense selective pressure associated with the progressive emp-
tying of the ancestral autosome genes in the Y, coupled to the
fact that the X still undergoes standard meiotic recombination in
the female germline. This stability was complemented with the ac-
quisition of other protein-coding genes, many of which expressed
in the testis [50]. A consequence of the gene emptying in the Y
was that the still functional X copies became unpartnered in
males and thus their expression levels in relation to autosomal
genes distorted between XX and XY karyotypes. To counteract
this unbalance, a dosage compensation program was selected
based on the general upregulation of X genes and transcriptional si-
lencing of one X chromosome in females [51].
Contrary to the genetic stability of the X, the Y embarked on an ex-
treme functional specialization program that has dramatically
reshaped the chromosome and lead to the development of a sex-
speciﬁc genomic niche, the MSY. In the course of this specialization,
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from which it diverged, as evidenced both by its gene content when
compared to the X (51 different protein-coding genes vs. approxi-
mately 700), and by an abundance of pseudogenes [5,6]. Indeed, in
about half of the identiﬁed XY gene pairs still remaining in contempo-
rary sex chromosomes, the Y gametolog corresponds to a pseudo-
gene. The rapid erosion of most of the original content of the Y was
likely the result of a combination of three evolutionary forces: high
mutation rate, diffuse natural selection in the MSY and increased pro-
pensity to genetic drift [52]. Such forces were bound to contribute to
an estimated ancestral gene half-life of less than ﬁve million years
during the initial stages of the gene decay process [53]. Taking into
consideration the staggering rate of gene loss for such a short evolu-
tionary time, it is not surprising that the Y has been typically regarded
as a decaying chromosome on the brink of demise [54,55]. Yet, the
function and regulation of the genes mapping to the MSY suggest a
potentially less dramatic scenario.
3.3. To polish or to perish? The dilemma of MSY genes
After being isolated frommeiotic recombination, the MSY genes of
proto-XY origin can follow one of three evolutionary paths: i — se-
quence decay, ii — preservation in ancestral form, and iii — functional
differentiation from the X-linked homolog [56]. As previously dis-
cussed, most of the active MSY genes of proto-XY origin present in
contemporary Ys are involved in male-related functions. These in-
clude not only reproductive functions but also those associated with
somatic masculinization and sexual antagonism [4,56]. Accordingly,
such genes can largely be regarded as specialized versions of their
X-linked homologs (which usually display broader functional roles).
Contrastingly, in MSY genes that fail to acquire male-related func-
tions, selection seems insufﬁcient to preserve them from inactivation.
Therefore, it can be argued that owing to the particular evolutionary
trajectory of the Y, its genes are driven into either decay or specializa-
tion at the expense of preservation. Evidence supporting this “polish
or perish” model is patent in the MSY sequence, as it will be
discussed.
The majority of genes once shared by the differentiating sex chro-
mosomes have been completely eroded in the Y, leaving no traces of
their existence. In others the evidence of their degeneration via the
accumulation of mutations still remains, as attested by the signiﬁcant
number of MSY pseudogenes [6]. Both phenomena reﬂect a dramatic
differentiation program that spared from disruption a nominal frac-
tion of the proto-XY genes. Of these, most (11 out of 17) have been
“polished” (i.e., differentiated from the X counterpart) in order to be-
come selectively advantageous for males. Such advantage can be
reﬂected by one of three conditions: i — by coding for testis specif-
ic/predominant proteins (DDX3Y, SRY, TSPY, RBMY1, HSFY and XKRY)
[6], ii — by coding for essential germline functions despite remaining
ubiquitously expressed (ZFY and KDM5D) [57,58], and iii — by differ-
ing from the X-linked homolog in terms of expression timing/pattern
(UTY, USP9Y and AMELY) [56,59,60]. On the other hand, two other
genes (TBL1Y and PRKY) may be on the brink of “perishing” as evi-
denced by their questionable functionality [61,62]. How do the
remaining four genes that do not seem to have either “polished or
perished” ﬁt within the model? For three of them (TMSB4Y, EIF1AY
and NLGN4Y) data on their actual functional equivalency with the re-
spective X counterparts are scant. In fact, most of the information on
these genes is deduced from sequence similarity with their gameto-
logs. Yet, RPS4Y1, the fourth gene, presents a curious twist. In our spe-
cies RPS4Y1 differs from its X counterpart in transcript and protein
expression levels: both are signiﬁcantly reduced when compared to
RPS4X [35]. While this observation is certainly insufﬁcient to advocate
its eventual inactivation, the fact remains that this gene has perished
in most mammalian lineages [63]. Interestingly enough, RPS4Y1 du-
plicated before the radiation of Old World Monkeys, leading to thedifferentiation of a testis and prostate-speciﬁc variant (RPS4Y2).
Therefore, it may be the case that the two Y-encoded RPS4 genes
serve as illustration of the possible evolutionary outcomes of the pol-
ish or perish model: RPS4Y2 polished via the acquisition of male relat-
ed functions and RPS4Y1 presumably in the early stages of functional
degeneracy.
Besides the acquisition of male-speciﬁc functions, duplication
seems to be another evolutionary trend in the MSY genes. In fact,
many of these are organized in multi-copy gene families that account
for the bulk of the MSY transcription units [6,10]. Presumably, the
multiplication of male-related genes (and the inherent dosage in-
crease) arose as an evolutionary strategy vying for higher reproduc-
tive ﬁtness. In addition, the multiple copies can equally serve as
counter against the functional degeneracy linked to the lack of meiot-
ic recombination. This effect can be mediated either by dosage buffer-
ing (when after the inactivation of one or several of the gene copies,
those remaining are still able to ensure functionality) or by the cor-
rection mechanism provided by gene conversion [64]. Even though
gene conversion is a bi-directional process (i.e., it can either eliminate
or expand a deleterious mutation), simulation models have validated
the feasibility of this mechanism as counter against the build-up of
inactivating mutations in MSY genes [65,66]. Paradoxically, SRY, the
male sex determination trigger, remains a single copy gene and, as ar-
gued by some authors, already displays traces of partial sequence de-
generation [67,68].
It should be noted that sequence ampliﬁcation in the MSY is not
restricted to the coding units. Practically all multi-copy MSY genes
are harbored in large DNA stretches (ranging from 100 to 700 kB) dis-
playing marked similarity to other MSY sequences [10]. These DNA
blocks have been termed amplicons and are organized in several
multi-copy sequence families, with intra-family sequence identity
scores exceeding 99%. While functionality underlies the evolutionary
advantage of having duplicated coding domains, why were non-
coding regions also ampliﬁed? The observation that amplicons are
not randomly assorted in the MSY and instead cluster to highly orga-
nized arrays of contiguous repeat units (designated as palindromes)
has provided insight to this question [10]. Palindromes are deﬁned
by a symmetry axis separating two largely identical sets of contiguous
amplicons, with each set spanning up to 1.5 Mb (Fig. 2). It is believed
that these extensive domains of sequence identity were evolutionari-
ly selected to potentiate the occurrence of intrachromosomal (non-
allelic) homologous recombination. Given the exclusion of the MSY
from standard meiotic recombination, such strategy would confer ge-
netic vitality to an otherwise essentially lethargic genomic domain. In
this regard, it is not surprising to ﬁnd that the palindromic organiza-
tion is a recurring theme in the Y of quite distinct species (Fig. 2)
[69–71]. The dynamism imparted by the palindromes to Y evolution
can be appreciated by comparing our genome to that of our closest
extant relative, the chimpanzee. More than 30% of the chimpanzee's
MSY sequence lacks homology with the human MSY, against an aver-
age of less than 2% in the remainder of the genome [69]. In fact, when
comparing the human and chimpanzee Ys, the recorded differences
are preferentially located in large repeat structures [72]. Other regula-
tory functions have been proposed for the elaborate Y repetitions:
it has been speculated that palindromes may regulate the transcrip-
tional permissibility of the MSY genes via changes in chromatin
architecture, while studies in Drosophila have suggested that Y het-
erochromatin (another repeat-based prominent landmark in the
human Y) serves as a ﬁne-tuner of global gene expression levels by
balancing the availability of chromatin regulators [73,74].
3.4. Sequence import in the Y chromosome
Another sign of the genetic vitality of the Y chromosome is the fact
that part of its sequence was imported from other genomic sources.
Evidence for at least two transposition events from the X have been
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with 3.4 Mb to the MSY [75,76]. Furthermore, two autosomal genes
have also been incorporated in the MSY, establishing multi-copy
gene families: DAZ by transposition and CDY by retroposition
[77,78]. The list of known autosomal imports may be expanded in
the near future when the origins of BPY2 and PRY are ﬁnally elucidat-
ed, as well as that of the four DYZ sequence species that constitute the
Yq heterochromatin blocks. Nevertheless, the scale of autosome to Y
imports is not as high as previously thought and certainly less exten-
sive than what is observed in Drosophila melanogaster where all 12
known Y genes seem to have been acquired from autosomal se-
quences [79]. It should be noted that the human Y can also be an ex-
porter of sequences to other chromosomes, as already demonstrated
for XKRY and HSFY [80].
The “polish or perish” model also seems to apply to the Y-
imported genes: those resulting from autosomal transposition/retro-
position have acquired male-speciﬁc functions and were ampliﬁed
[77,78]. As for the two genes transposed from the X approximately
6 million years ago, one may have already degenerated into a pseudo-
gene (TGIF2LY) while the other has acquired a male-speciﬁc expres-
sion pattern (PCDH11Y) [19,81]. TGIF2LY's testis-speciﬁc expression
may seem at odds with its proposed evolutionary fate, yet, it should
be noted that TGIF2LY already displayed such speciﬁcity when it land-
ed on the Y. Therefore, under the “polish or perish”model, the surviv-
al of this gene would have required differentiation from its equally
testis-speciﬁc X counterpart. Overall, these observations indicate
that regardless of their origin, the evolutionary trajectory of all MSY
genes might be similar: either they differentiate from the genes
from which they derive via the acquisition of novel male-speciﬁc
functions or they are eventually inactivated by the accumulation of
deleterious mutations.
Globally, the comparison of Y chromosomes in different mamma-
lian and non-mammalian lineages reveals that the main directives of
the sex chromosome differentiation program have been evolutionari-
ly conserved. These ultimately resound in three hallmarks observed
in contemporary Ys: i — low gene density; ii — enrichment in male-
related genes and iii — high number of DNA repeat units. Such evi-
dence supports the assertion of the Y as the highly specialized prod-
uct of a series of unparalleled evolutionary processes. Indeed, the
harboring of male-related genes in the ampliconic sequences can be
considered the corollary of the Y differentiation program.Homo sapiens 
Pan troglodytes 
Drosophila melanogaster 
1 Mb 
50 kb  
Fig. 2. A genomic architecture based on multiple large DNA repeat units is observed in the
lowing permission from the authors, as originally published in references 10, 69 and 71. Ple
For each species, DNA units sharing more than 99% sequence identity are represented by an
cluster forming symmetrical arrays of contiguous units (palindromes). The depicted human
boring three palindromes and 13 functional coding regions. The chimpanzee sequence enco
genes have been mapped to this region. Gray blocks denote single-copy sequences. The Dro
this region correspond to transposable elements (indicated by color blocks).4. Functional biology of the Y chromosome: from diversity to
spermatogenic failure
For a chromosome once believed to be genetically inert, the exis-
tence of not one but three different modes of recombination in the
Y (canonical meiotic recombination in the PARs, intrachromosomal
homologous recombination in the MSY and gene conversion poten-
tially in both territories) has to be considered a rather bemusing
fact. Illustrating the degree of genetic variation introduced by these
recombination processes is quite a difﬁcult proposition given the
technical difﬁculties in analyzing the majority of the Y. As expected
from its high density of repeat sequences, the bulk of the recombino-
genic activity in this chromosome maps to the MSY. Fittingly, given
the elevated frequencies of DSBs in the male germline [82], the clus-
tering of repeat sequences in the MSY provides ample opportunity
for non-allelic homology-based repair mechanisms. Depending on
the type of recombination intermediate that is formed and on wheth-
er or not the crossover pathway is activated, these ultimately resound
in the formation of large-scale structural variants or other less con-
spicuous chromosomal rearrangements. This variability can also re-
ﬂect on functional terms since the clinical signiﬁcance of different Y
structural polymorphisms may be very distinct.4.1. Y rearrangements with no obvious clinical consequences
The identiﬁcation of Y chromosome polymorphisms with no dis-
cernible phenotypical effects can be traced back to the early 1970s
[83,84]. Currently, the list includes multiple structural and sequence
variants arising from different recombination mechanisms. Of these,
Y inversions are particularly prevalent as illustrated by their occur-
rence in the IR1 and IR3 repeats as well as in the distal Yq amplicons
[9]. While the IR1/IR1 pericentromeric inversion is a fairly rare poly-
morphism, both the IR3/IR3 and distal Yq amplicon inversions corre-
spond to major motifs of large-scale structural variation in the Y,
occurring at an estimated rate of 10−4 mutations per father-to-son
Y transmission [9]. Although none of the inversion polymorphisms
recorded thus far seem to convey any sort of phenotypical conse-
quence, inversions can serve as substrate for other potentially delete-
rious rearrangements [85,86]. Seeing that it is currently unknown if
inversions can actually increase the likelihood of the latter, futureY chromosome of distinct evolutionary lineages. The selected regions are depicted, fol-
ase consult these manuscripts for additional information on sequencing and mapping.
identical color code. Such units are referred to as amplicons. Note that amplicons can
sequence represents the distal Yq euchromatin of the male-speciﬁc region of the Y, har-
mpasses the euchromatic Yp domain and approximately half of Yq. Twenty-two active
sophila sequence depicts the pericentromeric region of the Y. The amplicons present in
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generators of Y architectural diversity.
The length polymorphism of the distal Yq heterochromatin block
and the gene copy number variation in the TSPY array are two other
frequent Y structural variants apparently devoid of any phenotypical
effects [9]. Both seem to occur at similar levels to the IR3/IR3 and dis-
tal Yq ampliconic inversions. Unlike inversions, these actually modify
the net genetic content of the chromosome and may alter the number
of its coding units, as in the case of the TSPY array. Despite the appar-
ent neutrality of both rearrangements, recent ﬁndings have brought
new insight into this question: studies in Drosophila demonstrate
that the length of Y heterochromatin may serve as a ﬁne-tuner of
global gene expression proﬁles, while an association between low
TSPY gene numbers and impaired spermatogenesis has questioned
the functional limits of such variation [74,87,88].
Besides large-scale structural variation, more minute polymor-
phisms have also been identiﬁed in the Y. Even though the Y single
nucleotide substitution rate is on par with that of the remainder of
the genome (10−8 mutations per generation), gene conversion im-
parts a speciﬁc dynamism to sequence variants in the MSY. Actually,
gene conversion is a prevalent force in the MSY, with an estimate of
two distinct Y–Y conversion events per generation, each affecting ap-
proximately 300 nucleotides [64]. Given its frequency and the fact
that it can either expand or altogether eliminate a genetic variant
(deleterious or not), gene conversion should be considered a major
mechanism of Y variation. The study of amplicon-speciﬁc genetic
tags (also designated as sequence family variants) indicates that
most of the identiﬁed conversion patterns are selectively neutral in
terms of reproductive ﬁtness [for a review: 89]. This concurs with
data from simulation models predicting that gene conversion mainly
acts as a counter against sequence degeneracy in the MSY [65,66].
However, a more comprehensive measure of the actual variation in-
troduced in the Y chromosome population by this mechanism re-
mains lacking. More recently, the occurrence of X–Y conversions
was reported [90,91]. Their rate is one to two orders of magnitude
lower than Y–Y conversions and any possible functional effects they
may convey remain unexplored.
4.2. Y rearrangements associated with phenotypical disturbances
As expected, most of the available data on Y variation stem from
the analysis of chromosomal rearrangements associated with pheno-
typical consequences for male sex development and reproductive
functions. Such ascertainment bias is accentuated by the fact that an
estimated 15% of all men with severe spermatogenic impairment
have recombination-derived Y chromosome defects [92]. Actually,
this ﬁgure may be higher since the 15% merely reﬂect the prevalence
of complete deletions affecting the Yq domains containing genes re-
quired for spermatogenesis. These domains are designated as the azo-
ospermia factor (AZF) regions and are divided in three Yq intervals:
AZFa, AZFb and AZFc (Fig. 3). The AZF regions were originally deﬁned
in the mid-1990s based on the association of speciﬁc spermatogenic
disruption phenotypes with precise Y chromosome deletion intervals
[93]. The severity of the phenotypical disruption introduced by these
deletions coupled with their high frequency makes them one of the
leading genetic causes of male infertility.
Complete AZFa deletions are invariably associated with a total lack
of germ cells in the testis and account for less than 5% of all AZF dele-
tions [94]. They remove approximately 800 kb of a single copy Yq se-
quence containing the USP9Y and DDX3Y genes. This rearrangement is
the result of intrachromosomal homologous recombination between
two short ﬂanking proviral sequences [95,96]. More recently, the
identiﬁcation of USP9Y-speciﬁc deletions has provided insight into
possible functional asymmetries between the two AZFa genes
[27,97]. Indeed, deletions affecting USP9Y but not DDX3Y have been
shown to be compatible with largely normal sperm production andnatural conception. Thus, taking into consideration the complete
AZFa deletion phenotype, DDX3Y is currently regarded as a central de-
terminant for male germline establishment and/or development.
Such view still lacks the functional evidence that can ultimately
only be provided by the identiﬁcation of DDX3Y-speciﬁc deletions.
When compared to the AZFa region, the repeat-heavy constitution
of both AZFb and AZFc signiﬁcantly increases the likelihood of
recombination-derived deletions. Speciﬁcally, the recombination tar-
gets for complete AZFb deletions map to the P5 and P1 palindromes,
with the deletion eliminating 6 to 8 Mb of a partly ampliconic Yq do-
main (Fig. 3) [98]. Depending on whether the proximal or distal re-
gion of the P1 palindrome is involved in the rearrangement, the
deletion is designated as complete AZFb or AZFb+c, respectively. Al-
though routinely used in clinical genetics, the AZFb and AZFb+c no-
menclature is at the molecular level a misnomer: the AZFb interval
partially overlaps with AZFc and AZFb+c deletions do not remove ei-
ther interval in its entirety. Regardless of such considerations, both
deletions completely eliminate the KDM5D, RPS4Y2, EIF1AY, PRY,
RBMY1A1 and HSFY genes/gene families, as well as impact at a vari-
able scale the XKRY, DAZ, BPY2 and CDY gene families. Indeed, the lo-
cation of the deletion breakpoint in AZFb deletions is fairly
heterogeneous, and this variability is further accentuated by the exis-
tence of non-homology based recombination mechanisms that ac-
count for a small fraction of the rearrangements [98,99]. Such
recombination mechanisms are also operational in other Y domains,
yet evidence indicates that their overall contribution to Y diversity
is secondary to that derived from homology-based mechanisms
[100]. The phenotype of complete AZFb and AZFb+c deletions corre-
sponds to a maturation arrest of practically all developing germ cells.
Even though in a nominal fraction of these patients residual levels of
mature sperm have been identiﬁed, no clinical pregnancies have been
reported following assisted reproduction techniques (ART) [101].
Given that AZFb and AZFb+c deletions impact a signiﬁcant number
of different genes, it is particularly difﬁcult to dissect the relative con-
tribution of each of these determinants for the observed phenotype.
The identiﬁcation of gene-speciﬁc deletions in the AZFb region will
certainly be of importance in clarifying such matter. Recently, the
speciﬁc loss of the HSFY gene family, as observed in P4 palindrome
deletions, has been shown to be compatible with complete, albeit de-
fective, spermatogenesis [102]. A similar phenotype has been
recorded in a Chinese patient with a deletion presumably removing
all AZFb genes bar RBMY1 and PRY [103]. In light of the proposed
role of PRY as a pro-apoptotic signaling molecule, the available evi-
dence suggests that RBMY1 represents a key AZFb determinant for
male germ cell meiotic progression. Ultimately, this inference still
lacks the functional validation warranted by the identiﬁcation of
RBMY1-speciﬁc deletions.
Complete AZFc deletions occur through recombination between
the b2 and b4 amplicons located in the distal part of the P3 and P1
palindromes, respectively [10]. This deletion impacts approximately
3.5 Mb of the reference sequence of the Y and removes all units of
the DAZ and BPY2 genes while reducing the copy number of the CDY
gene family (Fig. 3). Unlike the other types of complete AZF deletions,
AZFc deletions are compatible with the production of functional male
gametes and with some extremely rare cases of natural conception.
Nevertheless, the deletion associates with a mixed degree of germ
cell atrophy leading to a severely decreased sperm production. Fit-
tingly, men with complete AZFc deletions display sperm concentra-
tions well under 1 million sperm/ml (reference value for normality:
≥15 million sperm/ml). It should be noted that even if these patients
have no sperm in the ejaculate, mature gametes can be retrieved di-
rectly from testicular tissue in 60 to 80% of the cases [104,105]. Both
the less severe nature of the spermatogenic impairment phenotype
and a hypothesized propensity for recombination between the P3
and P1 palindromes are considered the main drivers for the clearly in-
creased frequency of AZFc deletions when compared to other
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two main genomic territories: the pseudoautosomal regions (PAR1 and PAR2) and the male-speciﬁc region of the Y (MSY). The spermatogenesis genes in the MSY map to the three
previously deﬁned azoospermia factor regions (AZFa, AZFb and AZFc). The architecture of these regions is plotted relative to their approximate location in the reference Y sequence.
AZFa is essentially constituted by single copy sequences and harbors two genes: USP9Y and DDX3Y. AZFa deletions lead to the complete depletion of male germ cells and occur pre-
dominately via intrachromosomal homologous recombination between two human endogenous retrovirus (HERV) elements. The AZFb and AZFc regions partially overlap and dis-
play multiple ampliconic sequences (block arrows). Each amplicon family has been assigned a color code in accordance to reference 10, and its genetic content is indicated by black
triangles. The extension of the AZFb interval is deﬁned by the P5/proximal P1 deletion that associates with maturation arrest of the vast majority of developing germ cells. Converse-
ly, intrachromosomal recombination between two more internal ampliconic units deﬁnes the AZFc interval. This deletion is linked to severely decreased male gamete production.
Asterisks denote structural variants that correspond to risk factors for spermatogenic impairment in geographically-deﬁned populations (gr/gr deletions in parts of Europe and Oce-
ania, b2/b3 deletions in Han Chinese). The b2/b3 deletion variant occurs in AZFc genetic backgrounds displaying previous inversions and its deleterious effect is manifested only if in
tandem with partial duplications.
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deletions can also be less extensive and remove just a fraction of the
complete interval. These are designated as partial AZFc deletions and
their phenotypical manifestations are extremely variable. Two of
these rearrangements have been convincingly linked to spermato-
genic impairment: the gr/gr and b2/b3 deletions [85,86,106,107].
Both represent milder versions of the complete AZFc deletion pheno-
type, as attested by the signiﬁcant numbers of deletion carriers with
apparently normal spermatogenesis. Fittingly, the two partial dele-
tions are considered risk factors that may associate with spermato-
genic defects in speciﬁc geographically-deﬁned populations: gr/gr in
parts of Europe and Oceania, b2/b3 in Han Chinese [89,107,108]. Iron-
ically, the latter deletion only seems to convey a phenotypical effect if
in tandem with partial AZFc duplications [109].
Duplications are another type of rearrangement that can introduce
dosage imbalances in the Y genes. These result mainly from homolo-
gous recombination between sister chromatids that lead to the dupli-
cation of variable lengths of the Y sequence. Such duplications have
been typically regarded as selectively neutral since the biological
pathways in which the Y genes participate are considered resilient
to dosage increase. Yet, recent reports have challenged the neutrality
of some of these duplications. Interchromatid recombination between
inverted Y sequences was shown to be able to generate isodicentric Y
chromosomes—mitotically instable mirror-imaged chromosomes as-
sociated with multiple phenotypical consequences in sex determina-
tion and spermatogenic function [11]. Other less extensive Y
duplications have also been linked to male germline defects: in spe-
ciﬁc Asian populations the partial duplication of AZFc genes repre-
sents a risk factor for spermatogenic impairment [110,111]. Such
risk does not seem to extend to European populations [112]. Further-
more, in contrast with data on Han Chinese men, evidence in the
Dutch population suggests that partial duplications restoring AZFcgene copy number after previous deletions can rescue total motile
sperm counts to normal values [113]. The fact that such an effect
was not recorded when analyzing an admixed European population
further highlights the importance geographical origin plays in deter-
mining the phenotypical outcome of Y-associated risk factors [114].
Globally, large deletions and duplications represent the Y structural
variants that associate more clearly with phenotypical disturbances in
the male germline (Table 2). It should be noted that our still limited
arsenal of analytic tools suitable for the particularities of the Y sequence
introduces a clear bias on the types of rearrangements that can
be detected. More speciﬁcally, it is likely that a wider dissemination
of chromatin-based techniques will lead to a novel epigenetically-
oriented outlook on Y chromosome variation [115–117]. Such ap-
proaches will be pivotal in clarifying the interplay between Y sequence
and gene expression regulation in our species.
5. Concluding remarks
The Y represents one of the most fascinating conundrums in con-
temporary biology: if genetic diversity is one of the cornerstones of
evolution, how can a chromosome largely devoid of recombination
with a meiotic partner survive? In the past, the requirement of this
chromosome for essential biological phenomena (sex determination
and male germline functions) was deemed the only deterrent against
its erosion via the accumulation of mutations. When it became clear
that functional constrains were, in mechanistic terms, unable to fully
counter Y sequence degeneration, the eventual extinction of the Y
was considered the most likely scenario. This scenario has been con-
siderably challenged by the fairly recent realization that intrachromo-
somal recombination mechanisms introduce a signiﬁcant degree of
genetic diversity in the Y. Yet, as discussed in this manuscript, some
of the resulting variants can actually associate with phenotypical
Table 2
Y chromosome structural variants associated with spermatogenic impairment.
Variant name Germline phenotype Affected genes/gene families Extension Molecular mechanism responsible for the
rearrangement
Deletions
AZFa Complete lack of germ cells in the testis. USP9Y and DDX3Y 800 kb Intrachromosomal homologous recombination
between two ﬂanking human endogenous
retrovirus (HERV) elements.
AZFb
(P5/proximal P1 deletion)
Maturation arrest of practically all
developing germ cells.
XKRY, CDY, HSFY, KDM5D,
EIF1AY, RPS4Y2, RBMY1A1, PRY,
BPY2 and DAZ
~6 Mb Intrachromosomal homologous recombination
between the proximal domains of the P5 and P1
palindromes. A minority of these deletions are
also the result of non-homology based
recombination mechanisms.
AZFb+c
(P5/distal P1 deletion)
Same as that of AZFb deletions. Same as that of AZFb deletions.
BPY2 and DAZ gene families are
completely removed.
~8 Mb Intrachromosomal homologous recombination
between the distal domains of the P5 and P1
palindromes. A minority of these deletions are
also the result of non-homology based
recombination mechanisms.
AZFc
(b2/b4 deletion)
Severely decreased sperm production
due to a mixed degree of germ cell
atrophy in the testis.
BPY2, DAZ and CDY ~3.5 Mb Intrachromosomal homologous recombination
between the b2 and b4 amplicons located in
the distal part of the P3 and P1 palindromes,
respectively.
gr/gr
(partial AZFc)
Risk factor for spermatogenic
impairment in several European
and Oceanic populations.
Same as that of AZFc deletions,
but the three gene families are
not removed in their entirety.
~1.6 Mb Intrachromosomal homologous recombination
between the two green and red amplicon
blocks in AZFc.
b2/b3
(partial AZFc)
Risk factor for spermatogenic
impairment in several Asian
populations. This risk is dependent
on the presence of additional
AZFc duplications.
See above. ~1.8 Mb Intrachromosomal homologous recombination
in a partially inverted AZFb/c domain. The identity
of the amplicons involved in the recombination
event varies depending on the type of inversion.
Duplications
Isodicentric Y Variable: cases of spermatogenic
impairment, sex reversal and
monosomy X have been attributed
to this structural rearrangement.
Variable (depends on the
identity of the recombination
intermediate).
Variable
(in the
Mb scale)
Interchromatid non-allelic homologous
recombination between inverted arms of
the Y palindromes.
Partial AZFc duplications Risk factor for spermatogenic
impairment in several Asian
populations.
BPY2, DAZ and CDY Variable
(~2 Mb)
Reciprocal products of partial AZFc deletions
(see above).
For suitable references please consult the manuscript text.
Although recently a partial AZFb deletion removing the P4 palindrome has been tentatively associated with spermatogenic impairment [102], additional case numbers are required
to fully validate the association.
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ﬁcacy of a recombination strategy based on variations of a single ge-
netic background can be rightly disputed. In light of these
arguments, can we make any predictions on the evolutionary fate of
the Y? Given the available data, it is hard to envisage the disappear-
ance of the human Y as long as: i— it remains pivotal for masculiniza-
tion and male reproductive functions; and ii — the frequency of de
novo deleterious Y variants does not supersede that of selectively pos-
itive and neutral rearrangements. From here follows that the chromo-
some should not be regarded as evolutionarily stabilized. Accordingly,
there seems to be ample space for trimming in the Y sequence, as evi-
denced by the ﬁxation in several human populations of large Yq dele-
tions that do not convey any obvious phenotypical consequences
[85,86,106,111,118,119]. In fact, a progressive narrowing of the func-
tional role and sequence extension of the Y to the essential set of
male-speciﬁc functions, as already observed in several species,
emerges as the most probable evolutionary trend. These functions
will likely represent the limit of Y specialization, as they will be
under extreme positive selection. Therefore, despite views predicting
the full extinction of the Y and the development of a new sex-
determination system [55], these, given the available data, should be
regarded as largely speculative exercises. At the end of the day, for a
chromosome once regarded to be on a “road to nowhere”, the Y
seems to be, at least for the moment, pretty much “alive and kicking”.Acknowledgements
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